Abstract: Extracellular vesicles (EVs), nanoparticles originated from different cell types, seem to be implicated in several cellular activities. In the Central Nervous System (CNS), glia and neurons secrete EVs and recent studies have demonstrated that the intercellular communication mediated by EVs has versatile functional impact in the cerebral homeostasis. This essential role may be due to their proteins and RNAs cargo that possibly modify the phenotypes of the targeted cells. Despite the increasing importance of EVs, little is known about their fluctuations in physiological as well as in pathological conditions. Furthermore, only few studies have investigated the contents of contemporary EVs subgroups (microvesicles, MVs and exosomes, EXOs) with the purpose of discriminating between their features and functional roles. In order to possibly shed light on these issues, we performed a pilot study in which MVs and EXOs extracted from serum samples of a little cohort of subjects (patients with the first clinical evidence of CNS demyelination, also known as Clinically Isolated Syndrome and Healthy Controls) were submitted to deep small-RNA sequencing. Data were analysed by an in-home bioinformatics platform. In line with previous reports, distinct classes of non-coding RNAs have been detected in both the EVs subsets, offering interesting suggestions on their origins and functions. We also verified the feasibility of this extensive molecular approach, thus supporting its valuable use for the analysis of circulating biomarkers (e.g., microRNAs) in order to investigate and monitor specific diseases.
Introduction
Extracellular vesicles (EVs), especially microvesicles (MVs, range diameter: 100-1000 nm) and exosomes (EXOs, range: 40-100 nm), are small membranous vesicles released by most cells that have been demonstrated to play a key role as mediators of several cellular functions. In the Central Nervous System (CNS), both glia and neurons secrete EVs; EVs-mediated intercellular communications seem to significantly influence the cerebral homeostasis, i.e., by impacting myelin formation, metabolic support and immune defence [1, 2] . This wide range of activities may be due to the EVs cargo (RNAs,
DNAs, proteins, lipids) that possibly modifies the phenotypes of the targeted cells [3] . Despite the increasingly recognized relevance of EVs, the mechanism(s) responsible for their release, as well as the characterization of the RNA contents (evRNA) in both EXOs and MVs, still need to be fully elucidated. In particular, evRNAs have been investigated especially by array-based studies [4] , whereas data from high-throughput next-generation sequencing (HT-NGS) approaches are mostly derived from cultured cells or human urine [5] (Supplementary Table S1 ).
The implication of EVs in the pathogenesis of neurological disorders, such as Alzheimer's, Parkinson's diseases and stroke, has been already reported [6] [7] [8] [9] . In CNS inflammatory demyelination like Multiple Sclerosis (MS), EVs showed both protective and damaging functions (respectively: by inducing the maturation and migration of oligodendrocyte precursor cells, and by promoting transendothelial migration of lymphocytes and monocytes that spreads the inflammation into CNS) [10] . Furthermore, the amount of MVs in cerebrospinal fluid (CSF) does change during the different clinical phases of MS, as well as compared to healthy controls (HC) or patients with other non-inflammatory disorders [11] , suggesting that they may also be involved in the phenotypic expressions of the disease. So far, no published data are available on EVs profiles (in serum or CSF) of patients presenting the first clinical evidence of CNS demyelination, also known as Clinically Isolated Syndrome (CIS) that is considered the early stage of MS [12] . Indeed, the overproduction of EVs in CSF seems to be mirrored in higher numbers of EVs released by platelets, leukocytes, and monocytes in the blood of MS patients compared to HC [13] . Since peripheral blood represents an immense source of EVs (serum contains about 3 × 10 6 EXOs/µL) [14] , the analysis of its EVs contents certainly offers the advantage of easy accessibility compared to CSF.
On this ground, the main aim of this pilot study was to assess the feasibility and efficiency of EVs isolation followed by HT-sequencing of evRNAs extracted from serum samples of CIS subjects submitted to routinely clinical and instrumental follow-ups. To achieve this goal, we analysed a small cohort of CIS patients and HC subjects; the future purpose will be to apply the resulting experience to finalized scientific investigations on the role of EVs in the MS pathogenesis and its phenotypic characterization/monitoring.
Materials and Methods

Study Population
Five subjects, two CIS patients naïve for any disease-modifying therapy and three age-matched HC, were analysed. They were three females, two males (mean age 32.4 ± 12.1 years). The study was conducted in accordance with the Declaration of Helsinki: informed consent was obtained from all individual participants included in the study (approved by the Ethical Committee of the University of Foggia, Italy-prot. 120/CE/2016).
Extracellular Vesicles Purification
Ten mL/each of peripheral blood samples was obtained. MVs and EXOs were isolated by standardized differential centrifugations [15, 16] : 10 mL of peripheral blood samples were collected in Vacutainer blood collection tubes (BDInc, Franklin Lakes, NJ, USA) and centrifuged at 3000 g for 7 min to separate serum fraction from blood clot. Each sample was diluted 1:1 with phosphate buffer saline (PBS) and centrifuged at 2000 × g for 30 min at 4 • C to eliminate cell debris and other particles. The supernatant (SN) was carefully removed, filtered through a 0.8 µm filter and centrifuged at 12,000 × g for 45 min at 4 • C for collecting MVs. The SN was again collected and filtered through 0.2 µm filters; EXOs were pelleted from the filtered SN by ultracentrifugation at 120,000 × g for 70 min at 4 • C. All the EVs were re-suspended in 200 µL PBS.
Size distribution of MVs and EXOs was measured by the dynamic light scattering (DLS) technique with Zetasizer Nano-ZS system (Malvern Instruments, Worcestershire, UK). Ten µL of EVs were diluted in 990 µL of PBS (1:100) and then gently mixed to provide a homogenous solution. Three measurements were acquired per aliquot, with each acquisition taking 20 s. The data were acquired and analysed using Malvern Zetasizer Software (v7.11). DLS measurements allowed to discriminate between MVs and EXOs according to their different size.
Total RNA Isolation
Total RNA was extracted using Total Exosome RNA and Protein Isolation Kit (Invitrogen, Life Technologies, Carlsbad, CA, USA) following the manufacturer's protocol. Ten picogramms of synthetic miRNA spike-in controls (cel-miR-39 and UniSp6) were added to the respective lysis/denaturant buffer. RNA samples were stored at −80 • C until used. RNA quantity and quality were assessed by capillary electrophoresis (Agilent 2100 Bioanalyzer, Agilent Technologies, Santa Clara, CA, USA) with total RNA 6000 Nano Chip and Small RNA chip following the manufacturer's instructions.
Small RNA Deep Sequencing
Total RNA, including the small-RNA fraction, was converted into cDNA libraries using the SMARTer smRNA-Seq Kit for Illumina (Clontech Laboratories, Takara Bio Inc., Mountain View, CA, USA). Total RNA was polyadenylated in order to provide a priming sequence for an oligo(dT) primer. cDNA synthesis was primed by the 3 -smRNA-dT Primer, which incorporated an adapter sequence at the 5 -end of each first-strand cDNA molecule. PrimeScript™ Reverse Transcriptase was added at the 5 -end non-templated nucleotides, which were used as a template for the addition of a second adapter sequence to the 3 -end of each first-strand cDNA molecule. Full-length Illumina adapters were added during PCR amplification. All libraries were checked for quality (Bioanalyzer 2100 with High sensitivity DNA chip, Agilent Technologies), fluorimetrically quantified (PicoGreen Assay, Nanodrop 3300, Invitrogen, Life Technologies), then sequenced by an Illumina HiSeq2500 platform that generates 50 bp single-reads.
Bioinformatic and Statistical Analysis of Small RNA Data
The complete small (s)RNA-Seq analysis was performed by an in-house developed bioinformatics pipeline. Several steps compose the pipeline: raw reads filtering, reads mapping and classification, quantification [17] . The first step evaluates and filters down those reads with low quality scores using FastQC package (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and trims adapter sequences and poly-A using cutadapt [18] . After pre-processing, read-length distribution is computed and reads >15 nucleotides were aligned against a non-redundant non-coding RNA (ncRNA) reference database (ncRNAdb http://ncRNAdb.ba.itb.cnr.it) that collects and integrates sequences and annotations of various ncRNA classes such as micro RNA (miRNA), piwi-interacting RNA (piRNA), tRNA, small nucleolar RNA (snoRNA), etc., from several public databases. In this step, two mapping tools such as Bowtie [19] and miRDeep2 (for miRNA class) [20] were applied. For completeness, unmapped reads were aligned to the Human Genome (GRCh38). Using the annotation present in ncRNAdb, the identified reads were classified in different classes of ncRNA. Finally, the quantification of the expression was computed using RSEM (RNA-Seq by Expectation Maximization). This method allocates multi-mapping reads and outputs within-sample normalized values that are corrected for sequencing biases.
Results
Considering the explorative nature of this study and the small sample size, here we reported some preliminary results and comments about individual (MV/EXO) data without statistical comparisons between the subjects' groups.
The deep sequencing of MVs and EXOs returned raw reads counting from 12,031,509 to 57,568,091. Table 1 also shows the so-called clean reads, which means mapped and unmapped non-coding RNAs (ncRNAs) that resulted after removing: low-quality reads, adaptor sequences, poly-A fragments, reads smaller than 15 nucleotides, and those reads that matched mitochondrial RNAs and poorly represented ncRNAs classes (e.g., guide_RNA). After mapping the clean reads to miRBase (Release v.21) in order to annotate known miRNAs, data showed that miRNAs fraction accounted for 17.62% in CIS-1 compared to a mean of 1.75% in HC1-2 (MVs fractions), whereas in EXOs they were 2.12% in HC-3 and 0.91% in CIS-2 (Table 1) .
Among the known published sequences, we found 763 (in HC-3) and 608 (in CIS-2) different mature miRNAs in EXOs samples, compared to a mean of 569 (in HC-1-2) and 940 (in CIS-1) miRNAs in MVs samples. One-hundred and eighty-two mature miRNAs were shared in all EV samples; interestingly, MVs contained six unique mature miRNAs that were absent in EXOs (hsa-miR-639, hsa-miR-4488, hsa-miR-132-5p, hsa-miR-3144-3p, hsa-miR-4519, hsa-miR-19b-1-5p) suggesting that they may be distinctive of MVs. Similarly, 34 unique mature miRNAs were exclusively present in EXO samples; five of them (hsa-miR-197-5p, hsa-miR-1262, hsa-miR-3651, hsa-miR-4492, hsa-miR-4687-3p) have been previously found to be consistently enriched in EXOs compared to cellular profiles [21, 22] .
In Table 2 , the 20 most abundant miRNAs in the MV and EXO libraries have been detailed, accounting for 74.68% (MVs-HC-1-2), 86.82% (MVs-CIS-1), 77.18% EXOs-HC-3 and 71.45% (EXOs-CIS-2) of all detectable miRNAs. Nine of them were in common between the five samples (both in MVs and in EXOs aliquots); of note, the expression of hsa-miR-126-5p, hsa-let-7f-5p, hsa-let-7a-5p, hsa-miR-23a-3p and hsa-miR-223-3p was found higher in CIS samples than in HC, especially in the MVs fractions; the remaining four (hsa-let-7b-5p, hsa-miR-24-3p, hsa-let-7g-5p and hsa-miR-25-3p) seem to follow an opposite trend (Figure 1) . Table 2 also summarized the most representative ncRNAs classes. The composition of EV libraries revealed that MV and EXO samples contained piRNA, Y-RNA, miscellaneous RNA (miscRNA) and very small proportions of snoRNA, small nuclear RNAs (snRNA), tRNA, signal recognition particle RNA (srpRNA). A small percentage of rRNA seems to characterize the MV samples (2.82%) compared to the higher percentage in EXOs (9.16%), as reported by other studies [5] . However, in our view, the most interesting finding was the detection of snRNAs in both the EVs subtypes (0.09% in MVs, 0.36% in EXOs), considering that most of the published RNA species in EVs were considered of cytoplasmic origin [23] . On the contrary, the identification of long ncRNA (lncRNA) fragments (1.57% in MVs; 0.93% in EXOs) and long intergenic ncRNA (lincRNA) fragments (3.71% and 5.12%, respectively) was consistent with the cytoplasmic origin of EVs, since it is well known that RNA decay takes place in the cytoplasm [24] . [25] . 
Discussion
This study is the pilot step of a more extensive investigation that we are planning to perform in order to identify molecular and proteomic profiles of contemporary MVs and EXOs derived from serum of MS patients with different clinical phenotypes. As it was clearly reported (in the manuscript and the Tables), some of the NGS data of both EXOs and MVs were excluded from the analysis for technical reasons (mostly due to failure in the RNA extraction); we are now aware of this first crucial step, so we are quite confident of avoiding this inconvenience in the future (see take-home messages). Nevertheless, despite the individual differences that necessarily characterize the examined EVs (numbers, contents, status) and the small sample size, to our view, the overall results confirmed that sRNA-deep sequencing represents a valuable and feasible approach for the molecular characterization of EVs.
In line with previous reports [4, 14, 21, 26] , distinct classes of ncRNAs have been detected in both the EVs subsets, which contribute to improving the knowledge about EVs origins and functions (as mentioned in the previous section). On the other hand, the reported differences, e.g., in the expression levels of ncRNA categories such as miRNAs between CIS and HC subjects, might be considered distinctive of each of the two conditions, if confirmed in larger populations, thus justifying the increasing interest towards these circulating miRNAs as valuable sensitive biomarkers also in the early stage of MS.
Recently, an extensive analysis of the total circulating exosome transcriptome identified a distinct molecular profile in Relapsing-Remitting MS patients; the attention pointed towards four miRNAs (hsa-miR-122-5p, hsa-miR-532-5p, hsa-miR-196b-5p and hsa-miR-301a-3p) that were significantly decreased during clinical and MRI activity and compared to HC [26] . Although in a limited EXOs comparison ("head-to-head" CIS versus HC), we confirmed this trend, whereas in MVs samples the opposite direction was followed for the same miRNAs (data available, not shown). Since, Finally, small amounts of reads remained unmapped to ncRNA sequences in each of the two EVs categories; it was distinguished whether they mapped or failed to map the Human Genome sequences (GRCh38) (means and percentages are shown in Table 1 ). Of note, the failure to align the human genome suggests the possibility that evRNAs may transmit (or spread) genetic material of different origins, including viral, bacterial or other species, as previously reported [25] .
Recently, an extensive analysis of the total circulating exosome transcriptome identified a distinct molecular profile in Relapsing-Remitting MS patients; the attention pointed towards four miRNAs (hsa-miR-122-5p, hsa-miR-532-5p, hsa-miR-196b-5p and hsa-miR-301a-3p) that were significantly decreased during clinical and MRI activity and compared to HC [26] . Although in a limited EXOs comparison ("head-to-head" CIS versus HC), we confirmed this trend, whereas in MVs samples the opposite direction was followed for the same miRNAs (data available, not shown). Since, in our study, we reported the same difference (MVs versus EXOs) for several miRNAs, we believe that the extension of this study will also help to shed light on the functional meaning of these circulating biomarkers by looking at their expression levels in contemporary MVs and EXOs.
On the other hand, the identified nine common miRNAs out of the most abundant 20 (more than 70% of the entire miRNAs in all samples) showed a peculiar opposite trend between the subgroups. Preliminary pathways analysis revealed that they were mostly involved in immunological/inflammatory processes, as well as in neurodegenerative processes. Of interest, hsa-miR-24-3p has already been reported up-regulated in Primary Progressive MS compared to Secondary Progressive MS and HC [27] , whereas miR-25-3p, let-7f-5p, miR-23a-3p, miR-223-3p and the same miR-24-3p were found functionally related to EVs transfer or senescence [28] [29] [30] [31] [32] [33] , and miR-19b-3p was identified in EXOs of AD subjects [33] .
In conclusion, although with caution due to the small sample size, we believe that the data produced by this pilot observation do represent a start point for future in-depth analysis investigating the implications of EVs in MS pathogenesis. At the same time, it is plausible that circulating EVs may represent a specific target for novel treatments, leading to the identification of additional (and possibly more effective) therapeutic approaches.
Take-Home Messages
1.
The analysis of EVs contents (especially sRNAs) may help to provide more information on their functional role(s) in several diseases; EVs contents may also be used for the isolation of circulating biomarkers (e.g., miRNAs).
2.
Few studies have investigated both the EV classes (Microvesicles and Exosomes) extracted simultaneously from the peripheral blood samples in the same patient, but this strategy should be suggested in order to fully understand the entire molecular picture of a given status. 3.
smallRNA deep sequencing is a valuable approach for studying the different classes of small non-coding RNA, although a solid bioinformatics support is recommended for the analysis and the interpretation of the obtained results.
4.
In order to obtain the right amount of evRNAs for the subsequent sRNA-seq analysis, we suggest/recommend to collect a higher quantity of blood samples (at least 20 mL/each) or to pool together samples belonging to different subjects with the same phenotype [34] .
